Adult Mesenchymal Stem Cells (MSCs) have a well-established tumor-homing capacity, highlighting potential as tumortargeted delivery vehicles. MSCs secrete extracellular vesicle (EV)-encapsulated microRNAs, which play a role in intercellular communication. The aim of this study was to characterize a potential tumor suppressor microRNA, miR-379, and engineer MSCs to secrete EVs enriched with miR-379 for in vivo therapy of breast cancer. miR-379 expression was significantly reduced in lymph node metastases compared to primary tumor tissue from the same patients. A significant reduction in the rate of tumor formation and growth in vivo was observed in T47D breast cancer cells stably expressing miR-379. In more aggressive HER2-amplified HCC-1954 cells, HCC-379 and HCC-NTC tumor growth rate in vivo was similar, but increased tumor necrosis was observed in HCC-379 tumors. In response to elevated miR-379, COX-2 mRNA and protein was also significantly reduced in vitro and in vivo. MSCs were successfully engineered to secrete EVs enriched with miR-379, with the majority found to be of the appropriate size and morphology of exosomal EVs. Administration of MSC-379 or MSC-NTC cells, or EVs derived from either cell population, resulted in no adverse effects in vivo. While MSC-379 cells did not impact tumor growth, systemic administration of cell-free EVs enriched with miR-379 was demonstrated to have a therapeutic effect. The data presented support miR-379 as a potent tumor suppressor in breast cancer, mediated in part through regulation of COX-2. Exploiting the tumor-homing capacity of MSCs while engineering the cells to secrete EVs enriched with miR-379 holds exciting potential as an innovative therapy for metastatic breast cancer.
Introduction
Breast cancer is a multifaceted heterogeneous disease and is the most commonly diagnosed cancer in women, with approximately 40,000 associated deaths in the United States in 2016 [1] . Further understanding of the mechanisms underlying disease progression and subsequent development of novel therapeutic strategies remains vital. MicroRNAs (miRNAs) play a key role in regulation of gene expression, predominantly through binding to the 3'untranslated region (UTR) of target mRNA [2] . In the cancer setting, miRNAs function as either tumor suppressor miRs or oncomiRs [3, 4] . miR-379 is located on chromosomal region 14q32.31, a region that has been shown to contain tumor suppressor genes that are commonly downregulated in multiple cancers [5] . We previously reported reduced miR-379 expression in patient breast cancer tissues compared to healthy breast tissue, with regulation of Cyclin B1 expression demonstrated in vitro [6] . More recently, decreased miR-379 expression in hepatocellular carcinoma (HCC) tissues has been reported, with a relationship between miR-379 and disease stage demonstrated [7] . Another study analyzing the miRNA in osteosarcoma tissue samples also found miR-379 to have significantly reduced expression when compared to adjacent non-cancerous tissues [8] . miR-379 has also been reported to reduce proliferation and migration or invasion in colorectal, hepatocellular cancer, vascular smooth muscle, mesothelioma, and osteosarcoma cell lines [7] [8] [9] [10] [11] [12] . One study published contrasting results based on clinical sample data available on an online database, reporting that elevated miR-379 expression in prostate cancer correlated with patient disease-free survival [13] . Predictive algorithms coupled with luciferase reporter assays and sequencing data have demonstrated that miR-379 targets interleukin (IL)-18 in mesothelioma [12] , IL-11 in breast cancer cells [14] , pyruvate dehydrogenase kinase-1 in osteosarcoma [8] , and insulin-like growth factor-1 in vascular smooth muscle cells [11] . In the literature to date, there is one example of in vivo analysis of the miRNA, where a miR-379 mimic was directly injected into osteosarcoma and a reduction in tumor growth and Ki67 expression reported [8] . While the majority of data support a potential tumor suppressive role for miR-379, this has yet to be demonstrated in vivo through determination of the impact on tumor establishment and progression, and the mechanism of action of the miR remains poorly understood. Interestingly, miR-379 has a predicted binding site on cyclooxygenase (COX)-2 mRNA and was shown to downregulate COX-2 expression at the mRNA level in vitro [14] . COX-2 has a well-established relationship with the pathogenesis of breast cancer [15] , with elevated expression associated with angiogenesis, larger tumor size, Her2/neu amplification and lymph node metastasis, and apoptosis [16] [17] [18] .
For miR-379 to exert any therapeutic effect in vivo, targeted delivery of the miRNA to tumor cells must be attained. Mesenchymal Stem Cells (MSCs) have been proven to possess the capacity to both home to the sites of metastatic tumors when systemically administered in vivo, and to evade the host immune response through interactions with both the innate and adaptive immune systems [19] [20] [21] [22] .
MSCs can be readily isolated from a variety of tissue types including bone marrow and adipose, and are defined by minimal characteristics including the presence/ absence of specific markers and the proven ability to differentiate along specified lineages [23] . It is important to note that application of these criteria produces heterogeneous cultures and there remains an unmet need to identify criteria and standardize protocols for isolation, characterization, and expansion of a homogeneous population of these cells. This will reduce the potential for discrepancies in clinical outcome and support more rapid clinical translation [24] .
MSCs are potent secretory cells, and release extracellular vesicles (EVs) within the size range of 40-120 nm, known as exosomes, in large quantities [25] . These EVs naturally contain genetic material such as miRNA and are capable of transferring contents to recipient cells where a phenotypic impact can be exerted [26] . In addition, EVs are thought to target specific sites when systemically administered in a manner reflective of the parent cell [27] . MSC-derived exosomes were previously engineered with anti-miR-9 by transient transfection of the parent cell, and shown to reverse expression of a multidrug transporter when taken up by recipient glioblastoma multiforme cells in vitro [28] . In an in vivo model of glioma, Katakowski et al. [29] reported a promising therapeutic effect following direct intra-tumoral injection of MSC-derived exosomes enriched with miR-146.
In the current study, the potential tumor suppressor role of miR-379 is further investigated in patient samples and through determining the impact of miR-379 on tumor establishment and progression in vivo. The mechanism of action of miR-379 is investigated, and strategies for tumor-targeted delivery of the miR developed using MSCs or cell-free secreted exosomes. The data support a potent tumor suppressor role for the miR, with important differences seen depending on the breast cancer model employed. In response to elevated miR-379, COX-2 mRNA and protein was significantly reduced in vitro and in vivo. MSCs were successfully engineered to secrete EVs enriched with miR-379 (EV-379). Systemic administration of EV-379 was demonstrated to have a therapeutic effect in vivo. We present evidence that systemic delivery of MSC-derived EV-encapsulated miRNAs may offer therapeutic promise in the treatment of metastatic breast cancer. 
Results
MiR-379 expression in patient breast tumor tissues and matched lymph node metastases MicroRNA was isolated from breast tumors (n = 9), and matched lymph node metastases (n = 9) from the same individuals and miR-379 expression analyzed using realtime quantitative PCR (RQ-PCR). All tissue samples analyzed contained detectable levels of miR-379, with a significant decrease in expression observed in lymph node metastases (mean (SEM) 1.2 (0.13) Log 10 relative quantity (RQ), Fig. 1 ) relative to matched primary tumors (1.86 (0.17) Log 10 RQ) from the same patients (t-test, P < 0.005).
Functional impact of miR-379
Successful lentiviral transduction of T47D and HCC-1954 cells was confirmed by fluorescence microscopy and RQ-PCR (Fig. 2a) . Following puromycin selection, all cells were visualized to be positive for red fluorescence protein (RFP) expression (Fig. 2a(i,ii) ). Increased miR-379 was also verified in T47D-379 (5.34 log 10 RQ relative to T47D-NTC) and HCC-379 (5.52 log 10 RQ relative to HCC-NTC, Fig. 2a(iii) ). The impact of miR-379 on pro-angiogenic proteins was investigated in cell lysates from HCC-379 and HCC-NTC cells by chemiarray (Fig. 2b) . The cells were found to express a range of pro-angiogenic proteins including tissue inhibitor of metalloproteinases-1 (TIMP-1) and urokinase plasminogen activator (uPa). Each spot in duplicate represents a specific protein, with reference spots (circled) employed for normalization of variance between membranes. Background levels were subtracted and results were expressed in relative densitometry units (RDUs). A range of proteins were reduced in the presence of miR-379 ( Fig. 2b(ii) ) compared to HCC-NTC all lysates (Fig. 2b(i) ) including: TIMP-1 (−60% decrease; from 22,028 to 8712 RDUs), Serpin E1 (−65% decrease; from 30,938 to 10,572 RDUs), and uPA (-31% decrease; from 257,360 to 177,504 RDUs). Due to sequence homology between miR-379 and the 3'UTR of COX-2, the impact of elevated miR-379 on COX-2 protein was determined, with a decrease in the protein detected in HCC-379 compared to HCC-NTC cells (Fig. 2b(iii) ).
Impact of miR-379 on breast tumor establishment and progression
To determine the impact of miR-379 on tumor establishment and progression, T47D-379 or T47D-NTC were In the case of the more aggressive Her2/neu-amplified HCC-1954 cells, there was no decrease in tumor incidence or volume observed in the HCC-379 tumors compared to those established using HCC-NTC cells. During tumor growth mice were imaged using the photoacoustic image (PAI) system (Fig. 3b) . Tumor vascularity was assessed in the PAI image ( Fig. 3b(ii, iv) ) and compared to an ultrasound scan of the tumor (Fig. 3b(i, iii) ). This system measured the concentration of oxy (red) and deoxy (blue)-hemoglobin within the tumor. An area devoid of vascularity can be seen in the center of the representative HCC-379 tumor ( Fig. 3b(iv) ). Upon resection of tumors, these tissues were found to be fluid filled. Following tumor resection, samples were hematoxylin and eosin (H&E) stained (Fig.  3c ). HCC-379 tumors exhibited significant areas devoid of nuclei/cells (Fig. 3c (iv-vi)) that were not present in HCC-NTC tumors ( Fig. 3c(i-iii) ). Samples were reviewed (blinded) by a pathologist to determine differences between HCC-NTC and HCC-379 cohorts. Samples were scored for necrosis and HCC-NTC tumors exhibited 0-20% necrosis while in HCC-379 tumors necrosis ranged from 5 to 50%. Immunohistochemistry (IHC) for COX-2 protein was also performed on HCC-NTC and HCC-379 tumor sections. Analysis of stained tissue sections showed a reduction in expression of the COX-2 protein in HCC-379 tumors ( 
Enrichment of miR-379 in MSCs and derivative EVs
Successful lentiviral transduction of MSCs was confirmed through visualization of RFP expression using fluorescence microscopy ( Fig. 4a(i-ii) ) and by RQ-PCR targeting miR-379. A significant increase in miR-379 was verified in MSC-379 cells (2.71 ± 0.29, Log 10 RQ) compared to MSC-NTC cells (0.151 ± 0.08 Log 10 RQ, Fig. 4a(iii) ). MSC-379 derived EVs were characterized and quantified by nanoparticle tracking analysis (NTA), with the majority found to (Fig. 4b(i-ii) ). Expression of the exosome-associated protein CD63 was also demonstrated (Fig. 4b(iii) ). EVs in the size range of 30-120 nm with the appropriate morphology of exosomal EVs were also visualized by transmission electron microscopy (TEM) (Fig. 4c(i-ii) ). A 2.5-fold increase in EVs/50 µl PBS EV-NTC or EV-379. (ii) Sample IVIS images over the course of the study of mice that received EV-NTC or EV-379 miR-379 was detected in the MSC-379 associated conditioned media (P = 0.09), while analysis of the EV content revealed a significant (fivefold) increase in expression of miR-379 in MSC-379 secreted EVs (25.43 ± 3.39 RQ) compared to MSC-NTC-derived EVs (5.07 ± 2.66 RQ, P = 0.02, Fig. 4d ).
MSC-mediated delivery of miR-379
An in vivo study was carried out using orthotopically administered HCC-1954-luciferase(luc) cells to determine the potential for MSC-379 cells as therapeutic agents. Upon tumor formation, MSC-NTC or MSC-379 cells (1 × 10 6 cells) were administered intravenously (IV). Fluorescence microscopy imaging of indicative sections of tumors harvested from animals confirmed engraftment of RFP-labeled MSCs following IV injection (Fig. 5a ). Animals were subsequently imaged weekly to determine any impact on tumor progression based on bioluminescence ( Fig. 5b(i) ). Data were normalized to pre-treatment readings assigned as a baseline of 100% and expressed as Log values. There were no adverse effects observed following IV administration of MSCs. Over the duration of the study there was no significant change in tumor activity witnessed between animals that received MSC-NTC and MSC-379 cells (analysis of variance (ANOVA) P = 0.16). At week 6, a final time point comparison between the two groups also showed no significant impact on tumor activity (P = 0.296). Sample in vivo imaging system (IVIS) images of mice that received MSC-NTC cells (Fig. 5b(ii) ) showed no significant difference to mice that received MSC-379 cells.
MSC-derived EV-mediated delivery of miR-379 (cell free)
Upon tumor formation, four repeat injections of NTC-and miR-379-enriched EVs (2.6 × 10 7 EVs in 50 µl phosphate buffer saline (PBS) IV) were performed and subsequent IVIS imaging was carried out for 6 weeks following the first injection. Data were normalized to pre-treatment readings assigned as a baseline of 100% and expressed as Log values. EV injections were well tolerated with no adverse effects observed. Over the course of the study, a significant reduction in tumor activity was observed in animals that received EV-379 (ANOVA P = 0.000). At week 6, a significant reduction in tumor activity (P = 0.001) in animals that received miR-379 EVs (mean ± SEM, 4 ± 1.41% increase in Bioluminescence) when compared to those administered with NTC EVs (16 ± 2.65% increase in Bioluminescence, Fig. 5c(i) ) was observed. Sample IVIS images show a reduction in tumor size in an animal that received miR-379 EVs compared to NTC EV treatment (Fig. 5c(ii) ).
Discussion
The data presented demonstrate a definitive tumor suppressor role for miR-379. Our previous work revealed that miR-379 expression was significantly decreased in patient breast tumor tissue compared to healthy breast tissues [6] . Further, expression levels of the microRNA decreased with increasing tumor stage. In the present study, expression of miR-379 was quantified in metastasized lymph node tissue and found to be significantly reduced when compared to matched primary tumor tissue from the same patient. Although a small sample size due to the rarity of these matched tissues, in combination with our previously published work [30] , this confirms the clinical relevance of this miRNA in the breast cancer setting.
Initial in vitro experiments using breast cancer cells stably expressing mir-379 revealed reduced expression of a range of pro-angiogenic proteins including COX-2, which has a well-established association with breast cancer progression and poor patient prognosis [18] . The true tumor suppressor function of miR-379 was then demonstrated in two in vivo models of breast cancer, although it manifested in different ways. While tumor formation and growth rate were suppressed in the less aggressive T47D model, the HER2-amplified HCC-1954 cells formed large tumors which turned out to be fluid filled, with limited viable tumor tissue in the presence of elevated miR-379. This highlights the importance of histological assessment of the primary tumor microenvironment and tumor characteristics, rather than just growth rate. A PAI system was employed to analyze vascular networks based on the natural contrast of hemoglobin. Tumors were imaged in the range 680-970 nm, where deoxygenated hemoglobin has stronger optical absorption in the 650-780 nm range while oxygenated hemoglobin has stronger absorption in the higher spectrum [31] . Water has a peak absorption coefficient of~975 nm which falls outside the window used [32] . HCC-379 tumor images revealed a central area devoid of vascularity, thought to be fluid. Once harvested at the time of sacrifice, these tumors were shown to have large fluid-filled centers. Subsequent H&E staining revealed that HCC-379 tumors exhibited greater areas of central necrosis when compared to HCC-NTC tumors. This highlights the benefit of this imaging approach as it gave the first indication that the characteristics of HCC-379-enriched tumors may be different. PAI can also be applied to breast cancer patients and so has translational relevance [33] . In line with in vitro observations, along with an increase in necrosis in 379-expressing tumors, a significant inhibition of expression of COX-2 was demonstrated in HCC-379 tumors when compared to HCC-NTC tumors.
Taken together, the findings reveal a potent tumor suppressor role for miR-379 in the breast cancer setting, which raises interest in the potential for therapeutic application. A study was then performed to address the challenge of tumor-targeted delivery of the miRNA, since systemic delivery would ultimately be required to target metastatic disease. Due to the fact that EV characteristics are thought to reflect those of the cell of origin, and they have the capacity to transfer genetic material between cells, there has been a surge of interest in their potential as therapeutic agents in the cancer field [34] . We successfully engineered MSCs to secrete EVs enriched with miR-379 and then investigated the potential therapeutic impact of the MSCs, or cell-free EVs derived from the cells, on breast tumor progression in vivo. Administration of EVs derived from either cell population was well tolerated in vivo with no adverse effects observed. Previously published studies have relied on indirect quantification of EVs based on protein quantification [27, [35] [36] [37] . As the field has rapidly evolved, it has become clear that there is no correlation between protein quantity and the number of EVs in a sample. In this study, we quantified the particles administered based on NTA which supports more accurate and reproducible results. However, this may not reflect a clinically relevant dose and there is no previous literature to which to refer for comparison. Dose escalation studies will be essential in determining an effective and clinically relevant dose of EVs.
Although EV isolates were characterized and met the standard criteria of exosomes in terms of size, morphology, and protein expression, there is a move to referring to vesicles simply as EV, recognizing the heterogeneity of all isolates, while providing detailed descriptions of the methods used for isolation and specific characterization criteria [38] . As the number of studies in this area has increased, it has been recognized that there is an urgent need for robust transparent reporting to ensure this field can fulfill its immense potential. Thus, EV-METRIC consists of experimental parameters which include isolation methods, protein characterization, and electron microscopy of vesicles, which should be described in detail to support reproducibility of results [38] .
While no significant impact on tumor growth was seen following administration of the engineered MSCs, systemic administration of miR-379-enriched EVs caused a significant reduction in tumor activity over the 6 weeks of monitoring. Since MSCs play an important role in tissue regeneration and secrete a range of cytokines and chemokines, the authors speculate that other factors secreted by the cells may have negated any potential tumor suppressive effect of secreted EV-379, which may explain why EV-379 in the absence of other MSC-secreted factors had a tumor suppressive effect. These data suggest a therapeutic impact of systemically administered EVs. While it is possible to engineer the surface content of EVs to attain targeted delivery of miRNAs [36, 37] , native MSC-secreted EVs may reflect the tumor-homing capability of the parent cell. In the current study, EVs were isolated from MSCs following culture in EV-depleted media. This ensured that any isolated EVs were derived from the cells and not serum. NTA and TEM analysis also ensured that EVs were singly dispersed and free of any apparent protein aggregates. However, the potential impact of serum components on EVs is an important consideration for clinical implementation, and needs to be carefully evaluated in the future.
Further studies are required to elucidate the fundamental characteristics of EVs derived from MSCs and other sources that govern the migratory itinerary and impact of the vesicles. This study represents an important proof of principle of the potential of MSC-derived engineered EVs in the breast cancer setting. The potential impact of the immune system has yet to be addressed. One study implemented systemic delivery of xenogenic adipose MSC-derived EVs into a rat model [39] . This study stated that no immune reaction was evident in the brain, heart, lung, liver, and kidney of the animals. This would suggest that EVs derived from immune privileged MSCs may reflect that capacity. A recent study showed that CD47 expression on exosomes derived from MSCs reduced immune clearance and resulted in improved targeting of oncogenic KRAS in the pancreatic cancer setting [40] , further strengthening the rationale for using MSC-derived EVs as therapeutic delivery vehicles.
Tracking of systemically administered EVs would allow for biodistribution of the vesicles to be determined and improve understanding of any off-target effects. Importantly in the context of metastatic breast cancer, it has been shown in zebrafish that engineered EVs can efficiently cross the blood brain barrier [41] . EVs have also been revealed to aid in the establishment of a pre-metastatic niche [27] , and EVs enriched with tumor suppressor miRNAs may thus offer systemic benefits through inhibition of remodeling of premetastatic sites. There has been some progress in attempts to track exosome migration in vivo using IVIS [36, 42] , and employing radiolabeling in conjunction with SPECT/CT imaging [43] . Refinements in approaches such as these are required to fully understand the migratory itinerary and mechanism of action of EVs in the circulation; however, the sensitivity required to image vesicles on a Nano scale is currently difficult to achieve.
We have demonstrated that miR-379 is a potent tumor suppressor in breast cancer, the impact of which is mediated in part through regulation of COX-2. Engineering MSCsecreted EVs with miR-379 holds exciting potential as a novel therapy for the disease. Consistent repeated treatment of mice with EVs may serve to further improve the therapeutic response witnessed. This study had a follow-up of 6 weeks, and while longer than previously reported, will need to be extended further to detect any potential resurgence of disease or longer-term side effects. The natural ability of EVs to shuttle miRNAs between cells and to cross biological barriers represents a potentially exciting delivery mechanism for novel therapy of metastatic disease.
Materials and methods

Ethics statement and patient samples
Experiments involving human tissue samples were approved by the institutional Clinical Research Ethics Committee (University Hospital Galway). Patients provided written informed consent for use of samples, and all work was performed according to the principles of the Declaration of Helsinki [44] . Tissue samples (n = 18) were harvested in theater at University Hospital Galway and included n = 9 breast tumor biopsies and n = 9 matched lymph node metastases from the same patients. Samples were preserved immediately in RNAlater® (Qiagen) and subsequently stored at −80°C.
Culture of breast cancer cell lines and MSCs
T47D and HCC-1954 (HCC) breast cancer cell lines were used (LGC Limited, UK). Both cell lines were routinely cultured in RPMI-1640 media containing 10% fetal bovine serum (FBS) and 100 IU/ml penicillin and 100 µg/ml streptomycin (Pen/Strep). The cells are authenticated every 2 years using single tandem repeat profiling performed by LGC limited, most recently in March 2017, and were mycoplasma free.
Following ethical approval and informed consent, adult human MSCs were isolated from bone marrow aspirates (iliac crest) of healthy volunteers by collaborators in the Regenerative Medicine Institute at NUI Galway, in accordance with a defined clinical protocol [45, 46] . MSCs were isolated by Percoll gradient centrifugation, and the cell antigen profile and differentiation capacity confirmed prior to use [45] . MSCs were routinely cultured in α-minimum essential medium supplemented with serotyped 10% FBS, Pen/Strep, and 1 ng/ml fibroblast growth factor. Cells were used at passages 4-6.
Lentiviral transduction of breast cancer cells and MSCs
Breast cancer cell lines and MSCs were stably transduced to express miR-379 (T47D-379, HCC-379, MSC-379) or a scramble non-targeting control sequence (T47D-NTC, HCC-NTC, MSC-NTC). The lentiviral particles (SMARTchoice shMIMIC) were purchased from GE Healthcare Dharmacon Inc., and contained a Turbo-RFP promoter, puromycin resistance gene and human cytomegalovirus promoter. Cells were transduced in serum-free media supplemented with 2 µg/ml Hexadimethrine bromide (Polybrene, Sigma-Aldrich) at a multiplicity of infection (MOI) of 2 for 6 h. To improve transduction efficiency of MSCs, the cells were centrifuged with the virus for 90 mins at 2000×g. Media were replenished and transduced cells were selected in media containing 4 µg/ml puromycin (Sigma-Aldrich) for 7 days. RFP expression in live cells was visualized 48 h following transduction using an EVOS FL Cell Imaging System (Thermo Fisher Scientific).
For bioluminescent in vivo imaging, HCC cells were transduced under the same conditions (MOI 2, 2 µg/ml polybrene) to express a luciferase gene (HCC-luc). These lentiviral particles expressed a red-shifted Luciola Italica luciferase transgene, under the control of the ubiquitin C promoter (RediFect Red-FLUC-Puromycin Lentivral particles, Perkin Elmer).
EV isolation
EV-depleted media was generated through the use of FBS that had been filtered through a 0.22 µm filter with subsequent ultracentrifugation (Hitachi Koki himac, microultracentrifuge CS150FNX; rotor S50A-2152) at 100,000×gfor 16 h. MSC conditioned media were removed and underwent differential centrifugation at 300×g and 2000×g for 10 min, respectively, prior to microfiltration (0.22 µm) and ultracentrifugation at 100,000×g for 70 min. Isolated EVs were re-suspended in PBS.
EV characterization
Nanoparticle tracking analysis
Isolated EVs were diluted as required and analyzed using a Nanosight ns500 (Malvern), where molecules in the size range of 30-150 nm were quantified using a 405 nm laser source and EMCCD camera, running NTA software version 3.1 with concentration package upgrade. Five analyses of 60 s were recorded for each sample according to the manufacturer's protocols [47, 48] .
Transmission electron microscopy
TEM was performed as previously described, with the primary fixative added to conditioned media prior to the ultracentrifugation step [9] . A Hitachi H7000 Transmission Electron Microscope was used for image capture.
Western blot
Protein was quantified using a Pierce™ BCA protein Assay Kit (Thermo Fisher Scientific), followed by western blot analysis as previously described [9] . Once transferred to a nitrocellulose membrane, an antibody targeting the exosome-associated protein CD63 (1:1000 overnight incubation; Abcam ab59479) was used with the secondary antibody horseradish peroxidase (HRP)-labeled goat antirabbit (1:3000; 1.5 h of incubation at room temperature (RT); Abcam ab6721). COX-2 protein was also analyzed in the cell lysates (1:1000 dilution; Abcam ab52237; overnight 4°C) with the same secondary antibody conditions used. Clarity™ Western ECL (Bio-Rad Laboratories) chemiluminescent substrate solution was added to the membrane and blots were visualized with the ChemiDoc Imaging System (Bio-Rad Laboratories).
RNA extraction and RQ-PCR
Tissue specimens, cell pellets, or exosomes were disrupted using the MagNA Lyser Instrument (Roche), according to the manufacturers' instructions. RNA was extracted using MagNA Pure Isolation (Roche) extraction process as per the manufacturer's instructions, and stored at −80°C.
Gene (COX-2) and microRNA (miR-379) expression analysis was performed as previously described using TaqMan® assays and Universal Mastermix (Applied Biosystems) [6] . The relative quantity of mRNA and miRNA expression was calculated using the comparative cycle threshold (ΔΔCt) [49] . miR-379 was expressed relative to endogenous controls let-7a and miR-16 [50] . COX-2 was expressed relative to Mitochondrial Ribosomal Protein L19 (MRPL19) and Peptidyl-Prolyl Isomerase A (PPIA) [51] . An inter-assay control was employed on each plate, and all samples were analyzed in triplicate (standard deviation <0.3).
Protein analysis
Simultaneous detection of a range of proteins associated with angiogenesis was performed using the Proteome Profiler™ array (Human Angiogenesis Array, R&D Systems®) following the manufacturer's instructions. 300 µg of protein lysate from HCC-379 or HCC-NTC cells was analyzed and images acquired using the Chemidoc imaging system (BioRad laboratories). Each duplicate spot represents detection of a specific angiogenic protein. Relative levels of factors detected were quantified by densitometry, following subtraction of background levels. The presence reference spots supported normalization of variance between membranes. Results were expressed in RDUs.
Analysis of impact of miR-379 on breast cancer in vivo
The study was approved by the Animal Ethics Committee (National University of Ireland Galway) and Project Authorization was granted by the Health Products Regulatory Authority (HPRA) of Ireland. Female athymic BALB/c Nude mice (Charles River Laboratories Ltd.) aged between 6 and 8 weeks were employed. Mice were implanted with 60-day release estradiol pellets (Innovative Research of America) to support growth of estrogen receptor (ER)-positive T47D tumors. Mice received a right flank subcutaneous injection of 2.5 × 10 5 T47D-379 (n = 5) or T47D-NTC (n = 5) suspended in 150 µl RPMI medium. To establish ER-negative HCC-1954 tumors, mice received a mammary fat pad (MFP, second thoracic) injection of 3.5 × 10 6 HCC-NTC (n = 10) or HCC-379 (n = 10) cells suspended in 200 µl RPMI medium. Sample size was determined using a power calculation based on data collected in studies previously performed and published by this group [52, 53] . Cell injections were performed using a 24-gauge needle and 1 ml syringe. Tumor growth was monitored, and at the appropriate time animals were killed by CO 2 inhalation (T47D tumors week 9; HCC-1954 tumors week 5). No blinding was done during the live phase. Tumor tissue was harvested if present, and preserved in RNAlater or 10% formalin until required for RNA extraction or IHC respectively.
In vivo co-registered photoacoustic-ultrasound imaging
A combined photoacoustic (PA) and ultrasound (US) imaging system with a 21 MHz central detection frequency linear-array transducer probe was employed for in vivo tumor imaging (VEVO LAZR VisualSonics Inc., Toronto, Canada). The 21 MHz probe (13-24 MHz broadband frequency) provides an axial resolution of 75 μm, imaging depth up to 20 mm, and imaging width up to 23 mm. Aquasonic ® 100 ultrasound gel was used to acoustically couple the mouse skin to the probe for PA and US scans. To estimate oxygen saturation (sO 2 ), PA imaging was performed at 750 and 850 nm wavelengths.
Immunohistochemistry and fluorescence microscopy
Tissue samples were prepared for embedding in a Leica ASP300 tissue processor. Paraffin-embedded tumor tissues were cut into 5 µm sections and subsequently stained with H&E or prepared for IHC. IHC was performed using the Ventana Discovery system with antigen retrieval carried out using the provided cell conditioning solution at pH 8.5. Sections were probed with a COX-2 antibody (1:200 dilution, Abcam ab52237, 37°C for 1 h), and a goat antirabbit HRP secondary antibody (1:500 dilution, Abcam ab6721, 30 min at RT). Detection was performed using the DISCOVERY DAB Map detection kit. Cells were counterstained with hematoxylin and a bluing reagent, and mounted using DPX mounting medium.
To detect RFP-MSCs in tumor tissue following IV injection, 5 µm thick tumor sections were prepared and protected from light at all times. Sections were fixed in 4% paraformaldehyde for 15 min, stained using 4′,6-diamidino-2-phenylindole (DAPI, 1 μg/ml), and mounted in DPX mounting medium as previously described [53] . Cells were visualized using a fluorescence microscope (Olympus IX81-ZDC).
Impact of miR-379 therapy in vivo
Female BALB/c Nude mice (6-8 weeks old, Charles River) received an injection of 1 × 10 7 HCC-luc cells into the fourth inguinal MFP. Once palpable tumors detectable by IVIS imaging had formed, mice were divided into four groups with a range of equivalent tumor sizes in each. Mice received IV tail vein injections of the following: group 1 (n = 8): 1 × 10 6 MSC-379; group 2 (n = 8): 1 × 10 6 MSC-NTC; group 3 (n = 8): four repeat doses of 2.6 × 10 7 EVs derived from MSC-NTC cells; and group 4 (n = 8): four repeat doses of 2.6 × 10 7 EVs derived from MSC-379 cells (timeline Fig. 6 ). Disease progression was monitored using IVIS (Perkin Elmer) following intraperitoneal injection of luciferin at 150 mg/kg. 
